Introduction {#Sec1}
============

The novel coronavirus SARS-CoV-2, which emerged in December 2019 and causes the disease "coronavirus disease '19" (COVID-19), has galvanized biomedical research to understand, prevent, and treat this life-threatening condition.[@CR43] As with many diseases, animal models are being leveraged to study cellular pathogenesis and transmission of infection, as well as to examine the efficacy of viral vaccines and analyzing herd immunity post-vaccination. However, unique features of SARS-CoV-2 limit the utility of traditional laboratory animals.

SARS-CoV-2 has a solar-corona-like appearance with spike surface proteins, the characteristic namesake of coronaviruses. These spike proteins have two subunits: the surface unit S1 binds with high affinity to human angiotensin-converting enzyme 2 (ACE2) receptors and the transmembrane unit S2, which is then cleaved by human transmembrane serine proteases TMPRSS1 and TMPTSS2.[@CR24] ACE2 and TMPRSSs co-expression are essential for SARS-CoV-2 infection, but mice, rabbits, rats, and guinea pigs do not have ACE2 receptors susceptible to SARS-CoV-2 binding.[@CR49] Furthermore, due to their anatomical difference and small size, intranasal viral inoculation of typical small rodent models can result in inhalation and ingestion, thus making it difficult to discriminate between intranasal, oral, and intrapulmonary vaccination[@CR31] and limiting their utility as a model of vaccination against SARS-CoV-2. Here, we discuss alternative rodent models, large animals, and chimeras that may be useful to the bioengineering community working on innovative treatments and vaccinations against SARS-CoV-2.

Important Factors for Selecting an Animal Model to Investigate SARS-CoV-2 {#Sec2}
-------------------------------------------------------------------------

As with most diseases, no single animal model perfectly matches the clinical profile of SARS-CoV-2, as observed in humans. A necessary condition for animal models to model the cellular pathogenesis of SARS-CoV-2 infection is ACE2 receptor and serine proteases similar to humans, as discussed above. Several larger mammals such as palm civets, pigs, ferrets, cats, and nonhuman primates have ACE2 receptors which the virus can recognize.[@CR54] However, many animals known to be susceptible to similar coronaviruses, e.g., chickens, pigs, and dogs,[@CR19] have not been reported to be susceptible to SARS-CoV-2.

Given the nuances of each animal model, the choice of animal model for studying COVID-19 should vary based on the application. To investigate treatments, for example, models should be considered that show characteristic symptoms similar to humans such as shortness of breath, fever, weight loss, loss of appetite, and pneumonia.[@CR20] Since older humans have exhibited increased susceptibility to SARS-CoV-2[@CR33] models utilizing aged adult animals should be favored. For genomic and pathological studies, viral RNA or histopathological tissues need to be obtained, for which animal models should be preferred in whom similar organs as those affected during human pathogenesis are involved. For COVID-19, these organs include the respiratory tract, lungs, and gastrointestinal tract. Mode of transmission must be similar for projects working to develop personal protective equipment such as respiratory masks or eye protection.

In such urgent times, large animal and non-traditional rodent models can be readily utilized without the time delay associated with developing transgenic and chimeric small animal models. Large mammals also have the advantage of physiological, anatomical and immunological proximity to humans.[@CR16] Their mucosal surfaces can be easily accessed for intranasal and oral vaccine administration and, often being outbred species, may yield more clinically relevant results. A brief overview of readily available animal models of COVID-19 is provided in Table [1](#Tab1){ref-type="table"}.Table 1Findings from SARS-CoV-2 related studies in animal models. Note there is a lack of morbidity to mimic humans in all modelsSpeciesRoute of administrationAgeClinical manifestationsConventional\
(Intranasal/ Intratracheal)Unconventional\
(Conjunctival/ Gastric)Juvenile/AdultGeriatricLabored breathingFeverWeight lossLoss of appetiteAsymptomaticMorbiditySyrian hamsters![](12195_2020_638_Figa_HTML.gif){#d30e425}**✓✓✓✓**Ferrets![](12195_2020_638_Figb_HTML.gif){#d30e456}**✓✓✓**hACE2\* mice![](12195_2020_638_Figc_HTML.gif){#d30e484}**✓✓**Rhesus macaques![](12195_2020_638_Figd_HTML.gif){#d30e509}**✓✓✓✓✓✓✓**Cynomolgus macaques![](12195_2020_638_Fige_HTML.gif){#d30e549}**✓✓✓✓✓✓**Common marmosets![](12195_2020_638_Figf_HTML.gif){#d30e586}**✓✓✓**Cats![](12195_2020_638_Figg_HTML.gif){#d30e614}**✓✓✓**Dogs![](12195_2020_638_Figh_HTML.gif){#d30e642}**✓✓✓✓**Farm animals![](12195_2020_638_Figi_HTML.gif){#d30e671}**✓✓**SpeciesOrgans infectedTransmission observedRefs.Respiratory tract, including lungsIntestineAtypical organsSyrian hamsters![](12195_2020_638_Figa_HTML.gif){#d30e728}**✓✓✓**10, 45Ferrets![](12195_2020_638_Figb_HTML.gif){#d30e752}**✓✓✓✓**6, 30, 42hACE2\* mice![](12195_2020_638_Figc_HTML.gif){#d30e779}**✓***Not conducted*2Rhesus macaques![](12195_2020_638_Figd_HTML.gif){#d30e800}**✓✓✓***Not conducted*3, 11, 14, 34, 37, 41, 62Cynomolgus macaques![](12195_2020_638_Fige_HTML.gif){#d30e827}**✓✓✓***Not conducted*34, 40Common marmosets![](12195_2020_638_Figf_HTML.gif){#d30e854}*Not conducted*34Cats![](12195_2020_638_Figg_HTML.gif){#d30e872}**✓✓✓**22, 42Dogs![](12195_2020_638_Figh_HTML.gif){#d30e896}**✓✓***(Rare)*42, 47Farm animals![](12195_2020_638_Figi_HTML.gif){#d30e918}42s\*hACE2, genetically modified to express human ACE2 receptors

Rodent Models of COVID-19 {#Sec3}
=========================

Golden Syrian Hamsters {#Sec4}
----------------------

Hamsters are adept at amplifying many viruses and often studied for viral persistence and shedding.[@CR4] The golden Syrian hamster (*Mesocricetus auratus*) had been used previously to study other respiratory viruses such as Severe Acute Respiratory Syndrome coronavirus (SARS), adenovirus, and influenza virus. The structure of the ACE2 receptor of hamsters is similar to humans, allowing the spike protein of SARS-CoV-2 to bind with high affinity and generating preference for the Syrian hamster as a model in both SARS and SARS-CoV-2 studies. To mimic human transmission, recent studies challenged male and female Syrian hamsters intranasally.[@CR10],[@CR45] The viral loads were found to be highest in the lungs at 2 days post-inoculation (dpi) and were reduced below the detection limits by 7 dpi, when the animals started to recover. The animals showed passive immunization whereby hamsters developed neutralizing antibodies (NAbs) by 7 dpi[@CR10] or by 14 dpi.[@CR45] High transmission rate, as shown by transmission to all the naïve co-housed hamsters, did mimic the pathogenesis in humans and was likely through respiratory droplets or oral-fecal contamination. Despite high viral loads observed throughout many organs, the hamsters showed only mild symptoms such as weight loss, lethargy, ruffled fur, hunched back posture, and rapid breathing.[@CR10]

The main disadvantage of the Syrian hamster model was the lack of mortality which did not match the human clinical profile. These studies also used younger hamsters between 4 and 10 weeks of age, likely following previous SARS-CoV experiments.[@CR39] However, in light of known complications in elderly patients,[@CR33] it may have resembled human disease more closely if aged hamsters were used. Overall, the studies show that the Syrian hamster is a useful animal model for SARS-CoV-2 infection especially to study viral replication, shedding, and transmission through the respiratory tract.

Ferrets {#Sec5}
-------

Having anatomical and physiological similarity with the human respiratory system, ferrets (*Mustula putorius furo*) have previously been used for studying SARS infection.[@CR56] Recent reports suggest affinity of SARS-CoV-2 for binding to ferret ACE2, and the mechanism of transmission correlated with human transmission, which required direct physical contact with potential airborne transmission as viral RNA was detected in nasal washes, saliva, blood, fecal, and urine samples.[@CR30],[@CR42] Both in humans and ferrets, the virus affected similar organs such as the nasal turbinate, trachea, lung, soft palate, tonsils, intestine, and kidney.[@CR6],[@CR30],[@CR42] Clinical signs were mild compared to human patients and included fever and loss of appetite. NAbs were detected starting 13 dpi.[@CR42] Blanco-Melo *et al*. analyzed the transcriptional regulation of immune modulators to SARS-CoV-2 in ferret model and inferred that severity of COVID-19 in aged population was linked with a severe inflammatory response.[@CR6] They suggest that controlling the SARS-CoV-2-associated cytokine storm[@CR59] should be the primary focus of treatment.

The ferret thus can serve as a useful model for studying the pathogenesis of SARS-CoV-2 infection in the respiratory tract. Ferrets have been considered to be outbred species and hence also used widely in vaccination studies. However recent findings suggest that due to inbreeding, ferrets can be clustered based on geographical locations, where North American and Australian clusters have been found to be very low in genetic diversity.[@CR21] Researchers using ferrets as a model should consider these issues of the genetic background when interpreting their findings.

Mice {#Sec6}
----

SARS and SARS-CoV-2 viruses cannot bind to mouse ACE2 (mACE2) due to differences in key amino acid residues.[@CR49] Due to this low sensitivity of mice to SARS viruses, several transgenic mice lines were created during the SARS epidemic to study its pathogenesis. Human ACE2 (hACE2) genes were expressed under a hybrid chicken beta-actin promoter with cytomegalovirus enhancer[@CR51] or cytokeratin 18 (K18) promoter.[@CR35] The Jackson Laboratory (Bar Harbor, ME) has recently started re-producing the K18-hACE2 strain used to study SARS infection,[@CR55] although systemic damage and neuroinflammation still did not represent the human clinical profile.[@CR49] Yang *et al*. developed an efficient model where the endogenous mouse ACE2 promoter was used and had tissue distribution similar to the natural hACE2 distribution; however, this model still could not mimic the high mortality observed in humans.[@CR58]

Since both the viruses have a similar mechanism of entry through the ACE2 receptor, the developed models are still relevant for SARS-CoV-2 study. Bao *et al*. used the mACE2 promoter line to study the pathogenesis of SARS-CoV-2 infection.[@CR2] Viral RNA was detected in the lungs, bronchi, and alveoli, while the wild-type mice failed to be infected by SARS-CoV-2. The study thus found that the ACE2 receptor was essential for SARS-CoV-2 infection, as expected. Soldatov *et al*. have been working on producing a transgenic line where hACE2 and hTMPRSS2 are co-expressed with the mice TMPRSS2 promoter through gene editing using CRISPR/Cas9.[@CR49] The group hypothesizes that the co-expression will make the model mimic human pathogenesis more closely, particularly in the lungs.

Other transgenic mice models studied during SARS infection can also be helpful for SARS-CoV-2 studies. One such model is the Ace2 knockout mouse, which lacks the ACE2 receptor and upon SARS infection has been seen to suffer from acute lung failure.[@CR27] TMPRSS2 knockout mice have shown lower levels of inflammatory cytokines and infiltration by immune cells, leading to less severe tissue damage in the lungs after SARS and Middle East Respiratory Syndrome coronavirus (MERS) infections,[@CR28] which has pointed researchers to TMPRSS2 as a potential therapeutic target for serine protease inhibitors. Additional strains such as STAT1 knockout, BALB/c, C57BL/6, and 129S6 mice that were studied for SARS may prove to be useful as well.[@CR50] The immune system of feral mice or "dirty mice", mice exposed to a diverse group of microbes, have broad T cell distribution that could rapidly control pathogens[@CR18] and render them potential candidates to gain insights into vaccine development for SARS-CoV-2.

Non-human Primate Animal Models {#Sec7}
===============================

As close evolutionary relatives to humans, non-human primates have very similar physiology and immunology to humans[@CR31] and hence greater translational potential. Issues with non-human primate models, however, include additional ethical justifications, scarcity of biosafety level-3 facilities, and lack of trained personnel to carry out work.[@CR10] Nonetheless, many primate models have yielded helpful insights into SARS-CoV-2.

Rhesus Macaques {#Sec8}
---------------

The rhesus macaque (*Macaca mulatta*) is broadly popular for studying re-infection potentials and designing vaccines. When infected with SARS-CoV-2, specifically, the rhesus macaque model manifests mild to moderate symptoms of decreased appetite, weight loss, fever, and increased or irregular respiration patterns along with hunched posture.[@CR3],[@CR11],[@CR34],[@CR37] Viral RNA can be detected throughout the respiratory and gastrointestinal tract,[@CR3],[@CR11],[@CR34],[@CR37],[@CR41] mimicking humans, and also from atypical organs such as spinal cord, heart, skeletal muscles, and bladder[@CR3]; liver and kidney[@CR11],[@CR14]; and the spleen.[@CR34] The hallmarks of human SARS-CoV-2 infection of pulmonary edema and diffused interstitial pneumonia were observed on radiographs throughout these studies. In age-related comparative studies, Yu *et al*. studied the effects of SARS-CoV-2 infection with three "young" (3--5 years) and two "geriatric" (15 years) animals.[@CR62] They found geriatric macaques suffered from more severe interstitial pneumonia with more viral load in lungs and anus. The older macaques had viral replication in the entire lung while the younger ones had only in the upper lobes of the lung. Another age-related study found that older animals had higher levels of virus-specific antibodies which were detectable early, by 4 dpi.[@CR34] Rhesus macaques were also used to investigate uncommon transmission routes; Deng *et al*. inoculated SARS-CoV-2 through conjunctival and gastric routes.[@CR14] Though SARS-CoV-2 failed to replicate via the gastric route, mild interstitial pneumonia and alimentary canal infection were observed in the conjunctival route challenge.

Rhesus macaques also have been used to observe if primary infection with SARS-CoV-2 can protect against re-infections. In these studies, viral loads measured by bronchoalveolar lavage, nasopharyngeal swabs, or anal swabs were found to be reduced many-fold upon reinfection.[@CR3],[@CR11] Chandrashekar *et al*., upon rechallenging the animals, found viral loads were reduced \> 100,000-fold.[@CR11] Similar results were observed by Bao *et al*., where no clinical symptoms were observed upon reinfection.[@CR3] In a vaccine screening study, Yu *et al*. developed DNA vaccine candidates against SARS-CoV-2 spike protein, which were tested on 35 adult rhesus macaques.[@CR61] After vaccination and upon a second exposure, viral loads were reduced \> 1,000-fold. In all studies, animals developed NAbs.

Overall, the rhesus macaque model has been similar in many aspects to the human COVID-19 pathogenesis. Nonetheless, though studies utilized adult animals up to 15 years old, they could not mimic the high fatality rate of humans.[@CR3],[@CR11],[@CR37]

Cynomolgus Macaques {#Sec9}
-------------------

The crab-eating macaque (*Macaca fascicularis*), originally found in Southeast Asia, had been studied previously for SARS.[@CR17] Similar to Rhesus macaques, when infected with SARS-CoV-2, geriatric animals showed prolonged viral shedding from the upper respiratory tract in comparison to younger animals through 21 dpi.[@CR40] However, animals infected with SARS-CoV-2 showed no obvious clinical signs or mortality, even in the geriatric group,[@CR40] which is in contrast to severe systemic responses seen in older macaques for SARS.[@CR48] When comparing male and female macaques, no difference in levels of antibodies was observed, though NAbs could be detected as early as 4 dpi.[@CR34] Lu *et al*. did report fever and weight loss, and both studies reported diffuse interstitial pneumonia, a common complication in humans.[@CR34],[@CR40]

Early and prolonged virus shedding of SARS-CoV-2 compounded with the lack of symptoms highlights an area of concern for community transmission among humans as well. While macaques do not mimic the severity of human symptoms, they may still be helpful to understand disease progression in older and potentially asymptomatic subjects and thus to formulate strategies for containment of COVID-19.

Common Marmosets {#Sec10}
----------------

Common marmosets (*Callithrix jacchus*), a new world monkey, were widely used to understand the pathogenesis of and immunization against the deadly MERS as their pathophysiology mimicked lethal pneumonia seen in humans.[@CR9] Its utility as a model to study SARS-CoV-2 has not been explored much, though. A single comparative study by Lu *et al*. was found in which six marmosets were intranasally infected with the virus for comparison with other non-human primates.[@CR34] Viral RNA was observed till 14 dpi in blood and nasal, throat, and anal swabs; however, viral-specific antibodies could not be detected in serum, which could be due to lack of marmoset specific antibody detection kit. Only one-third of the marmosets had elevated body temperature, lung tissue showed no indication of pneumonia, and no other organs showed the presence of viral RNA. Overall, the common marmosets were found to be relatively resistant to SARS-CoV-2 as compared to rhesus macaques and cynomolgus macaques.

Domestic Animals {#Sec11}
================

Cats {#Sec12}
----

There has been evidence of infection with SARS-CoV-2 in tigers at the Bronx Zoo and isolated reports of transmission from humans to domestic cats.[@CR25] It is helpful therefore, to look into the infectivity of SARS-CoV-2 on cats to prevent chain of transmission between cats and humans. Cats previously had been found susceptible to SARS infection and to have the ACE2 receptor important in the development of COVID-like symptoms.[@CR52] More recently, Shi *et al*. inoculated seven 6--9 months-old "sub-adult" cats intranasally with a SARS-CoV-2 viral strain.[@CR42] Viral RNA was detected in the nasal turbinates, soft palates, tonsils, tracheas, and the small intestine on 3--6 dpi. The group also found transmission through droplets to the exposed cats. In 70--100 days-old "juvenile" cats, by 3 dpi, massive viral lesions were found in the nasal cavity, trachea and lungs, indicating that juvenile cats allow for better replication of the SARS-CoV-2 virus. NAbs were detected in the sub-adult cats between 11 and 12 dpi and in the juvenile cats between 10 and 20 dpi. In a similar study by Halfmann *et al*., inoculated cats showed viral shedding in nasal swab by 1--3 dpi.[@CR22] Transmission was also observed in cats that were cohoused. All tested cats were asymptomatic with no clinical symptoms of fever or weight loss. All inoculated and transmission-infected cats produced anti-SARS-CoV-2 IgG antibodies at 24 dpi.[@CR22] In another study, it was reported that 14.7% of cats who were exposed to infected humans harbored antibodies against SARS-CoV-2 spike protein.[@CR63] The above studies indicate that cats are susceptible to the virus and may harbor it without showing any evident clinical symptoms or mortality. Since humans are in close contact with domesticated cats, there is therefore a risk of transmission to humans from asymptomatic feline companion animals.

Dogs {#Sec13}
----

Canine ACE2 is similar to hACE2,[@CR19] and though dogs are known to be infected by some coronaviruses, SARS-CoV-2 does not seem to be a concern in canines. The first suspected case of human-to-animal transmission of SARS-CoV-2 was in a Pomeranian dog belonging to an infected person in Hong Kong.[@CR47] Generally, isolated cases of SARS-CoV-2 infection in companion canines have found dogs to remain asymptomatic though viral RNA has been found in nasal, oral and rectal swabs.[@CR47] Shi *et al*. inoculated five 3-month-old beagles with SARS-CoV-2 intranasally, and two un-inoculated beagles were co-housed for transmission studies.[@CR42] While viral RNA was observed in rectal swabs of three virus-inoculated dogs by 2--6 dpi, viral RNA was not observed in any other organ. By the 14 dpi, two virus-inoculated dogs produced antibodies while the other dogs were found to be seronegative. Overall, results from these studies and broad testing of pets[@CR26] indicate low susceptibility for SARS-CoV-2 among dogs, suggesting a minimal risk of asymptomatic transmission from canine companion animals to humans.

Farm Animals {#Sec14}
------------

The first coronavirus infections were identified in chickens in the 1930s, thirty years before the discovery of the disease in humans.[@CR8] However, the current pandemic-causing coronavirus SARS-CoV-2 has been reported to be non-infective towards chickens, ducks, and pigs.[@CR42] In both inoculated animals and co-housed uninoculated animals, no viral RNA could be isolated from swabs. All animals were also found to be seronegative by 14 dpi. In horses, the enteric equine coronavirus has surged over the last few years, but there is no evidence horses are susceptible to infection with SARS-CoV-2.[@CR13] While farm animals are unlikely to transmit SARS-CoV-2, extensive outbreaks have been documented at meat processing plants because of the close working conditions among human workers, suggesting that food production will likely remain a concern throughout the pandemic.[@CR15]

Humanized Mice and Other Chimeras {#Sec15}
=================================

Humanized Mice {#Sec100}
--------------

Despite highly conserved genes broadly, therapeutic and immunization strategies involving adaptive immunity are hard to translate from traditional animal models like mice, rats, and non-human primates into humans. To address these limitations, various strains of immunodeficient mice have been leveraged to create chimeras by transplanting cells and tissues of interest from humans.[@CR12],[@CR38],[@CR44] In particular, engineered chimeras incorporating human immune cells tend to better recapitulate the human immune system, enabling human-specific immune responses to deadly viruses. For example, humanized mice created by injecting human peripheral mononuclear cells (PBMCs) or human CD34+ cells into NOD scid gamma (NSG) mice, commonly known as huPBMC-NSG or CD34+ humanized mice, respectively, have been a valuable tool for studying viral infections including HIV,[@CR29] Dengue,[@CR36] and Hepatitis.[@CR5] As an example, Kim *et al*. created huPBMC-NSG mice and infected with HIV-1 to test the effectiveness of antiviral drugs and the usefulness of NAbs.[@CR29] Following infection, the authors observed an increase in plasma viral load and a decrease in CD4+ T cells. After the use of an antiviral drug and a NAb in HIV-infected huPBMC-NSG mice, they observed a decrease in plasma viral loads and no decline in CD4+ T cells, demonstrating the effectiveness of intervention strategy.

Although we have not identified reports using humanized mice to study COVID-19, success from the aforementioned viral studies highlight the relevance and utility of humanized mice for COVID-19 research. CD34+ humanized mice and PBMC humanized mice are available from commercial vendors such as the Jackson Laboratory, and humanized mice can be further tailored according to research applications. Recently, Wahl *et al*. created mice with human lung tissue by subcutaneous transplantation of human fetal lung in NSG mice and later combined these mice with bone marrow-thymic-liver mice, a mouse line with a very robust human immune system.[@CR53] Thus, they created a humanized mouse containing both the human immune system and human "lungs" that could potentially be used for studying pathogenesis of respiratory viruses like SARS-CoV-2 and screening for antiviral drugs and therapeutic vaccines.

Humanized mice, though being the closest replication of the human immune system in a small animal model, come with some limitations. While mice with a degree of "humanized" immune function are available commercially, it will take additional effort to develop enhanced variants of humanized mice with a more functional human immune system, e.g. with human leukocyte antigens.[@CR7] Unlike readily available small animal models with a competent immune system, it takes a longer time to develop humanized mice and requires additional aseptic handling practices and pathogen-free facilities. Nonetheless, humanized mice offer a promising test-bed for rapid development and testing of antiviral drugs, vaccines, and their delivery related to COVID 19 research.

Bat Mice {#Sec101}
--------

Inspired by the success of using humanized mice to study species-specific response in small animal models, researchers have leveraged the utility of immunodeficient mice to develop chimeras using immune cells from complex animals such as bats. Bats are thought to harbor a number of viruses dangerous to humans and other animals without effect, but how viruses and the bat immune system coexist asymptomatically is largely unknown. Moreover, SARS-CoV-2 has \~90% similarities to beta-coronaviruses isolated from bats, suggesting bat-to-human transmission was at the nexus of the current pandemic. *In vivo* studies of bats are limited, though, by challenging breeding conditions and long gestation periods,[@CR23] concerns with capturing large numbers of conserved wild bats,[@CR46] and other challenges of outbred species. Most studies on bats are limited to specialized bat cell lines,[@CR1],[@CR64] and limits to the availability of these bat-specific cell lines and bat-specific antibodies make even *in vitro* research more challenging than anticipated. To mitigate some of these challenges, a chimera model has been developed by Yong *et al.* that stably expresses the immune system of the bat (*Eonycteris spelaea*) on a mouse background.[@CR60] These "bat-mice" have been developed by transplanting bat bone marrow cells into immunodeficient NSG mice. This study showed that \~80 to 100 bat-mice can be generated from one bat, thus reducing problems associated with animal numbers. The bat-mice model reconstituted all major immune cells including monocytes, T and B lymphocytes, Natural Killer cells, and dendritic cells. The model has been found to generate bat specific antibodies in response to antigens as well as resistance to graft rejection when transplanted with bat cells even after 40 weeks.

The development of bat-mice has opened up new avenues for research that were previously deemed challenging due to the limited availability of bats for immunological research. A better understanding of how the bat's immune system handles various pathogens, including deadly viruses such as SARS-Cov-2, will provide valuable insights to strategize the development of effective therapeutic and preventative approaches and additional understanding of bat-to-human transmission of a variety of viruses.

Future Directions {#Sec16}
=================

An efficient COVID-19 animal model which closely resembles the human clinical picture can accelerate the path for vaccine development and therapeutics as well as shine light on viral pathogenesis and formulation of preventive strategies. For most diseases, mice and other small rodents have been modified to cater to various demands of the research community. An abundant range of reagents and assays are available, too, for such analysis. The problem specific to SARS-CoV-2, however, has been the dominant role of the ACE2 receptor in COVID-19 pathogenesis. The virus so far has not been found to bind to the ACE2 receptor of any of the commonly used small animals unless genetically modified. Genetic modification is a time-consuming process, and the rapid spread of SARS-CoV-2 infection and its compounding socioeconomic effects require more rapid solutions. Thus, researchers are shifting interest toward readily available larger animal models.

Many large animals are closer anatomically and physiologically to humans, can be outbred, show many clinical similarities to the human infection, and very importantly have ACE2 receptors recognized by the SARS-CoV-2 virus. There are several drawbacks, however. No animal model has manifested clinical symptoms as severe as observed in humans, especially regarding the mortality rate. Only a few studies could be found which involved an aged animal,[@CR34],[@CR40] where even then no fatality was observed. We conjecture that environmental factors could be at play as animals are typically kept in well-controlled indoor environments, whereas patient morbidity correlates with regions of increased air pollution.[@CR57] The results of therapeutic studies on animals housed in sterile conditions should therefore be interpreted cautiously.

Also, the animal models discussed above have been tested with SARS-CoV-2 strains which were clinically available from local human subjects. Recent reports show as many as fourteen mutated variants of the spike proteins from different geographical locations, some of which are more virulent than the others.[@CR32] Studies on one or two specific local strains may be hard to extrapolate to a global scale. As with many large animal studies, most done for SARS-CoV-2 were limited in the number of animals tested compared to gold-standard preclinical rodent studies, except a large study of DNA vaccine candidates on 35 adult rhesus macaques.[@CR61] These limited numbers, coupled with a lack of investigation into the duration of protection afforded by neutralizing antibodies, leave much work in the development and testing of anti-viral treatments and vaccination strategies.

Drawbacks notwithstanding, a wide range of animal models with ACE2 receptors and serine proteases susceptible to SARS-CoV-2 are available to study emerging technologies in the global fight against COVID-19. With the rapid pace of research on this topic, we can expect the development of new animal models with their own advantages and shortcomings and generation of new and better knowledge about the novel disease to arrive every day.
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